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Multilayered films of Au/ZnO were prepared by physical vapor deposition. Varying the Au
thickness, tAu, and the number of bilayers, n, allowed us to investigate the role of these parameters
on the sample structural and electronic properties. X-ray diffraction, X-ray absorption
spectroscopy, grazing incidence small angle X-ray scattering and transmission electron microscopy
experiments, have been combined to UV-visible and infrared spectroscopy to characterize the
multilayers in the as-prepared state and after annealing. In the as-prepared state, the strong Au and
ZnO lattice interaction leads to ZnO epitaxy on Au. Gold appears either as continuous layers or in
form of nanoparticles. ZnO experiences a structural transformation from wurztite to rock salt
monitored by the Au morphology. Annealing at 500 C destroys the lattice matching. The
electronic and optical properties of the systems are understood in line with the Au morphology and
ZnO structural state.VC 2011 American Institute of Physics. [doi:10.1063/1.3580333]
I. INTRODUCTION
Heterogeneous media are good candidates for devices
where the properties can be tailored versus the concentration
of each constituent. Applications for these devices require a
precise characterization of their final physical and chemical
properties, which depend on the preparation technique and
on the individual properties of each constituent. Among
these media, metallic nanoparticles (NPs) embedded in
oxides or in ceramics (cermets) have already shown their
interesting mechanical, optical, electrical and magnetic char-
acteristics.1 The properties of such nanostructured materials
are strongly connected to the role of interfaces, which have
applications in the area of coating and wetting, for instance,
and display fundamental aspects such as electronic and
atomic interactions.
A way to synthesize cermets consists in applying alter-
nate layer deposition. Depending on the individual layer
thickness, one crosses the border between continuous films
and particles, changing thus the dimensionality of the inter-
face and its properties. To study such an effect keeping the
other parameters constant, we have chosen sequential sput-
tering by physical vapor deposition (PVD) to prepare our
samples. Recently, we had focused our interest on metal/
Si3N4 multilayers showing the role of parameters such as the
heat of formation of metal nitrides, the metal film thickness,
tmetal, and the number of bilayers, n.
2 As in previous
works,3–5 these two later parameters play an important role
on the transition between continuous and discontinuous layer
via roughness accumulation along the growth direction.6
In this work, we changed the insulating nitride, Si3N4, to
a semiconductor oxide, ZnO. In the last 5–10 years, ZnO has
received interest in various fields (Ref. 7 and references
therein), especially for fabricating hybrid systems of low
dimensionality8 and in the field of optoelectronics.9 We have
grown Au/ZnO multilayers with different Au thicknesses, in
the 2–8 nm range, keeping the ZnO thickness between 3–4
nm, and different numbers of bilayers, from 5 to 75. Com-
bining X-ray diffraction, X-ray absorption spectroscopy,
grazing incidence small angle X-ray scattering, absorption
spectroscopy in the UV-visible range, observations by trans-
mission electron microscopy and infrared spectroscopy, we
have characterized the Au/ZnO multilayers in the as-pre-
pared and annealed state. The main results are the following:
there is a strong interaction between the Au and ZnO lattices
leading to epitaxial growth and flat interfaces which are
destroyed only for a large number of bilayers and a small Au
thickness. When Au is in form of NPs, ZnO adopts a rock
salt crystallographic structure. Annealing in the conditions
used here allows partial or total decoupling of the Au and
ZnO lattices depending on the Au thickness with Au NPs
formation. The ZnO structural state and Au morphology
a)Author to whom correspondence should be addressed. Electronic mail:
agnes.traverse@u-psud.fr.
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allow understanding the measured electronic and optical
properties.
II. EXPERIMENTAL DETAILS
Au/ZnO multilayered films were prepared by sequential
sputtering of ZnO and Au on Si(100) and quartz substrates at
room temperature. The residual pressure was near 1 107
mbar. The ZnO layers were deposited by reactive sputtering
from a pure Zn target (Goodfellow: 99.9%) using an O2/Ar
mixture gas (30% O2-rich) at a working pressure of
5.4 103 mbar and a DC power of 5.5 W. The Au layers
were grown from a gold target (99.999%) at a 5.0 103
mbar pressure of pure Ar and a DC power of 10 W. Pre-
sputtering was developed before multilayer growth and also
between two consecutive layers. The sequence of deposition
always started and finished with a ZnO layer so as Au grew
always on the same type of surface.
A series of five Au/ZnO samples, labeled as ZnO
[Au(tAu)/ZnO]n in Table I was prepared. The ZnO sputtering
time per layer was maintained constant in every sample to
reach a ZnO layer thickness, tZnO, approximately constant,
around 3 nm. The Au layer sputtering time was varied
so that the Au layer thickness (tAu) ranges from about 2 to
8 nm. The number of bilayers (n) was increased for small tAu
in order to maintain the Au total amount sufficient for all
characterization techniques to provide reliable information.
In order to follow their thermal stability, two samples,
labeled ann.ZnO[Au(tAu)/ZnO]n, have been annealed at
500 C after deposition in a vacuum system furnace, firstly
evacuated up to 1 106 mbar. The thermal treatment was
performed under O2 atmosphere of 1 102 mbar for 2 hs.
A pure ZnO film (110 nm thick) was also deposited on a
Si(100) substrate for comparison.
To measure the multilayer period (the bilayer thickness
K), low angle X-ray reflectometry (XRR) measurements
were carried out on a Bruker D8 X-ray diffractometer with a
Cu Ka source (k¼ 0.154 nm). Rutherford backscattering
spectrometry (RBS) was done using a 1.2 MeV Heþ beam10
in order to get the number of Au and Zn atoms per layer. The
experimental spectra were simulated by using the RBX
code.11
Extended X-Ray absorption fine structure (EXAFS) on
as-prepared multilayers were carried out at the Au LIII-edge
in fluorescence detection mode at room temperature on the
SAMBA beamline12 at Synchrotron-SOLEIL to characterize
the atomic surrounding of the Au atoms. The incident beam
impinged at an angle of 45 on the sample surface with
detection at 45. Standard analysis of the EXAFS data was
performed using the Cherokee software13 and FEFF phase
and amplitude.14 The morphology of the Au layers was
determined by grazing incidence small angle X-ray scatter-
ing (GISAXS) carried out on the SWING beamline at Syn-
chrotron-SOLEIL. The wavelength of the incident X-ray
beam was set at k¼ 0.161 nm, the angle of incidence
(hi¼ 0.5) was slightly higher than the critical angle for total
reflection, hc, in order to achieve good surface sensitivity,
and the sample-to-detector distance was 2 m. The transmit-
ted and specularly reflected beams were masked by a vertical
beam-stop and the scattered intensity was collected with a 2
D CCD detector. The experimental data were analyzed with
the FitGISAXS package developed within the IGOR Pro
analysis software (WaveMetrics, Inc.).15
Infrared (IR) spectroscopy was performed in reflection
mode under an incidence of 30, in the 60–4000 cm1 range
with a Bruker Vertex 70 interferometer. The measurements
were made with an instrumental resolution of 4 cm1 with a
gold mirror as a reference. In order to extract structural infor-
mation, reflectance spectra were fitted using the FOCUS
code.16
X-ray diffraction (XRD) was carried out in a standard
laboratory diffractometer (Bruker D8 TT) by using the Ka
radiation line of Cu in the h-2h configuration.
The optical absorption of the samples grown on quartz
substrates was measured in transmission mode with a Cary
4000 UV-vis spectrophotometer in the 200–900 nm range.
Transmission electron microscopy (TEM) observations
were undertaken using a JEOL2000FX microscope operated
at 200 kV. Samples were prepared in cross-section view by
grinding and ion beam milling.
Depending on the characterization techniques carried
out in reflection geometry, the probed sample depths are dif-
ferent. For RBS, the fact that the Si substrate is detected
ensures that the whole multilayer is probed. When incident
beams are X-rays in the energy range of 7–12 keV, as for
EXAFS, XRD, and GISAXS experiments, the incident path
is a few microns. The fluorescence detection mode used for
EXAFS allows one to probe the whole sample thickness. For
XRD and GISAXS, the probed depth depends on the incident
beam angle, hi. Typically, the probed depth is in the range of
a few tenth of nm for hi¼ 0.5 and of a few microns for
TABLE I. Characteristics of the prepared ZnO[Au(tAu)/ZnO] samples with the bilayer thickness determined by XRR (KXRR) and by RBS (KRBS), the number
of Au atoms per layer, the Au layer thickness, the total number of Zn atoms and the ZnO thickness determined by RBS.
Sample
ZnO[Au(tAu)/ZnO]n
KXRR
(nm)
KRBS (nm)
(60.6 nm)
RBS Au atoms per
layer 1016 (at./cm2)
(60.15)
RBS tAu (nm)
(6 0.3) (nm)
RBS Zn atoms
(at./cm2) (60.15)
RBS tZnO (nm)
(6 0.3) (nm)
Sample total
effective
thickness (nm)
ZnO[Au(7.8)/ZnO]5 10.56 0.5 11.1 4.60 7.8 6.1 1016 3.3 59
ZnO[Au(4.6)/ZnO]10 7.56 0.5 7.6 2.71 4.6 1.0 1017 3.0 79
ZnO[Au(3.6)/ZnO]20 6.06 0.5 6.2 2.12 3.6 4.4 1017 2.6 127
ZnO[Au(2.4)/ZnO]40 5.06 0.7 5.8 1.41 2.4 1.1 1018 3.4 235
ZnO[Au(1.8)/ZnO]75 5.06 0.7 5.8 1.06 1.8 2.5 1018 4.0 439
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hi> 10. Thus, the whole sample thickness is analyzed by
XRD whereas GISAXS is sensitive to the upper part of the
multilayers only.
III. RESULTS
A. Rutherford backscattering spectrometry, X-Ray
reflectometry and transmission electron microscopy:
Multilayer characterization
RBS spectra for the as-deposited Au/ZnO samples are
shown in Fig. 1. Fitting the spectra provides the number of
Au atoms per Au layer, the number of Zn atoms per ZnO
layer and their corresponding layer thicknesses calculated
considering the Au metal bulk density (qAu¼ 5.9 1022 at./
cm3) and ZnO bulk density (qZnO¼ 8.3 1022 at/cm3) (Ta-
ble I).
XRR curves for the as-deposited samples are plotted in
Fig. 2(a). Several satellite maxima corresponding to hetero-
structure periodicity and Kiessig fringes can be observed for
ZnO[Au(7.8)/ZnO]5, ZnO[Au(4.6)/ZnO]10 and ZnO[Au(3.6)/
ZnO]20 showing that these multilayers are actually formed
by alternate ZnO and Au-rich regions. On the contrary, only
one maximum is detected for ZnO[Au(2.4)/ZnO]40 and
ZnO[Au(1.8)/ZnO]75. This suggests two different behaviors
depending on the Au thickness. For tAu> 3.6 nm, sharp Au/
ZnO interfaces build whereas for tAu< 2.4 nm, out-of-plane
periodicity gets bad. The bilayer thicknesses, KXRR, obtained
from the slope of m versus sinhm, independently of the criti-
cal angle hc, using the formula
mk ¼ 2KXRR sin2 hm  sin2 hc
 1=2
are shown in Table I. The estimated uncertainty on the KXRR
value is larger for the two smallest tAu because only one
maximum in the XRR curve is used. One notes the good
agreement between KXRR and KRBS calculated as the sum of
the Au and ZnO thicknesses deduced from RBS fit. The out-
of-plane periodicity for ZnO[Au(3.6)/ZnO]20 and its disap-
pearance for ZnO[Au(1.8)/ZnO]75 are confirmed by the TEM
cross-section observations (Fig. 3). For ZnO[Au(3.6)/ZnO]20,
in Fig. 3(a), a number of 20 repetitions of continuous ZnO
layers (3.06 0.5 nm) and Au layers (3.66 0.5 nm) are
observed. Layer thickness values and total film thickness
(1266 3 nm) are well in agreement with KXRR and KRBS
(Table I). For ZnO[Au(1.8)/ZnO]75, the columnar character of
ZnO, which seems to influence the roughness enhancement
with n, can be noticed in Fig. 3(b). Although projection
effects and thickness gradient effects due to the cross-section
preparation cannot be ruled out, the TEM images suggest
that the first deposited layers are continuous, while the layers
close to the surface are discontinuous (Fig. 3(c)). Finally,
elongated wormlike Au NPs of 46 1 nm height inside the
ZnO matrix can be identified (Fig. 3(d)).
XRR curves for ann.-ZnO[Au(3.6)/ZnO]20 and ann.-
ZnO[Au(1.8)/ZnO]75 are plotted in Fig. 2(b). The signal is
strongly modified in both samples. There is a clear indication
of loss of the pre-existing out-of-plane periodicity for ann.-
ZnO[Au(3.6)/ZnO]20, for which even the Kiessig fringes,
related to the total thickness, vanish. An increase of film
roughness is evidenced in both annealed samples.
FIG. 1. (Color online) RBS spectra for the as-prepared Au/ZnO samples.
FIG. 2. (Color online) (a) X-Ray reflectometry for as deposited multilayers;
(b) X-Ray reflectometry for annealed multilayers.
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B. X-ray absorption, X-ray scattering, and X-ray
diffraction: Au layer structural characterization
Simulations of the experimental EXAFS provide Au-Au
distances slightly smaller but in agreement with the Au metal
foil reference, indicating Au metal formation in all the sam-
ple series. A significant decrease in the Au-Au coordination
number N is seen when tAu decreases, suggesting an evolu-
tion of the interface dimensionality between Au and ZnO.
For the ZnO[Au(7.8)/ZnO]5 sample, the 2 D GISAXS
pattern, not shown here, is typical of a continuous layer. In
contrast, for ZnO[Au(2.4)/ZnO]40 and ZnO[Au(1.8)/ZnO]75,
the 2 D patterns present typical features of discontinuous Au
layers. Horizontal cuts along qy at qz¼ 1.0 nm1 are exhib-
ited in Fig. 4 together with the corresponding simulated data
assuming isolated spheroidal NPs with a Gaussian size distri-
bution (mean in-plane diameter D and full width at half max-
imum FWHM) and an interparticle distance L. Close average
diameters were measured for both samples, i.e., D¼ 4.7 and
4.1 nm, respectively (Table II). Yet, the distribution width is
much larger for ZnO[Au(1.8)/ZnO]75 (2.2 nm) than for
ZnO[Au(2.4)/ZnO]40 (0.9 nm). The interparticle distances are
8.2 and 4.7 nm, respectively, suggesting that the NPs present
either different morphologies (i.e., the NPs in ZnO[Au(2.4)/
ZnO]40 have a columnar structure) or spatial distributions
(i.e., a percolated network of NPs tends to form for
ZnO[Au(2.4)/ZnO]40). Let us remind that, owing to the graz-
ing incident conditions, the probed depth corresponds to the
upper part of the multilayer mainly. The detection of Au NPs
for ZnO[Au(1.8)/ZnO]75 and the corresponding NPs sizes are
in agreement with the TEM cross-section displayed in Fig.
3(c).
X-ray diffractograms for all samples including the ZnO
film are shown in Fig. 5(a) with different vertical scales. A
FIG. 3. TEM cross-section view for (a)
ZnO[Au(3.6)/ZnO]20 and (b), (c), and (d)
ZnO[Au(1.8)/ZnO]75.
TABLE II. Structural parameters determined from the analysis of the
GISAXS data.a
Sample D (nm) FWHM (nm) L (nm)
ZnO[Au(2.4)/ZnO]40 4.7 0.9 8.2
ZnO[Au(1.8)/ZnO]75 4.1 2.2 4.7
aD is the mean in-plane diameter of the NPs, FWHM is the full width at half
maximum of the Gaussian size distribution, and L is the interparticle
distance.
FIG. 4. (Color online) Horizontal cuts of GISAXS patterns for ZnO[Au(2.4)/
ZnO]40 (open square) and ZnO[Au(1.8)/ZnO]75 (black dots).
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log scale is used for ZnO[Au(t)/ZnO]n on the left vertical
axis and a linear scale for ZnO on the right vertical axis. The
position of the observed ZnO Bragg peak in the single-layer
sample is 2h  33.7 smaller than the expected one at
2h¼ 34.47 for (002) in the wurtzite bulk structure (W-
ZnO), a point which is discussed below. For the multilayers,
the logarithmic vertical scale allows one to see a wide Bragg
peak at 2h0  38.2 together with satellite peaks located at
2hm on each side of the main one. These satellite peaks are
rather intense for ZnO[Au(7.8)/ZnO]5, faint for ZnO[Au(3.6)/
ZnO]20 and ZnO[Au(2.4)/ZnO]40 and nearly absent for thin-
ner Au layers. The two thin peaks marked with stars belong
to the Si substrate. A fit of the X-ray diffractograms has been
done in the 30–45 2h range with Gaussian contributions
superimposed on a linear background, providing peak posi-
tions (Table III). An example is shown in Fig. 5(b) for
ZnO[Au(7.8)/ZnO]5. The contribution at 2h0¼ 38.22 may be
attributed to Au(111) in the fcc structure which provides a
lattice parameter of 0.407 nm, close to the Au bulk one of
0.408 nm (Table III). Note that no Bragg peak at 2h¼ 44.37
corresponding to Au(200) expected for a polycrystalline
sample is observed meaning that the Au grains are strongly
oriented, in agreement with a Au crystallographic structure
matching the ZnO one. Also, the presence of satellites sug-
gests that a coherent deposition of layers takes place.17 In
such a case, the bilayer thickness, KXRD, is written as
mk ¼ 2KXRD sin2 #m  sin2 #0
 
;
where k is the incident beam wavelength. In Table III, an
interpretation of the peaks in terms of superstructures is pro-
posed. The KXRD values calculated for all the layered sam-
ples are presented together with the #m attribution. Note that
in most cases, KXRD compares well with KXRR and KRBS
given in Table I, which confirms that a mixing of the Au sig-
nal with the coherent one is induced. The most coherent lay-
ered stack expected for ZnO[Au(7.8)/ZnO]5 gives rise to an
intense peak superimposed on the Au contribution. The
coherency decreases either with the number of Au layers
and(or) with the Au thickness explaining the trend observed
in Fig. 5(c), where the integrated intensity of the Au(111)
Bragg peak plotted versus the total Au thickness, does not
increase as expected. Finally, an attempt has been made to
attribute the satellite peaks to ZnO under the wurtzite struc-
ture encountered for this oxide as bulk or deposited as thin
film,18 and under the rock salt (RS-ZnO)19,20 or zinc-blende
structures,21 energetically less favored. In Table III, it can be
seen that the (111) contributions of RS-ZnO together with
the (101) of W-ZnO may eventually be encountered. Never-
theless, it is worth noting that the atomic ZnO arrangement
cannot be determined for certain from XRD since the lattice
matching induces a mixing of the Au and ZnO
diffractograms.
The X-ray diffractogram for ann.ZnO[Au(1.8)/ZnO]75
is shown in Fig. 5(d). The (002) contribution due to W-ZnO
is now present, together with the (111), (200), and (220) con-
tributions due to polycrystalline Au, meaning that annealing
has induced the loss of Au and ZnO lattice matching.
C. Infrared spectroscopy: ZnO structural
characterization
Fitted and experimental reflectances in the infrared
range for pure ZnO, for as-prepared and annealed ZnO
[Au(3.6)/ZnO]20 and ZnO[Au(1.8)/ZnO]75 are plotted in Fig. 6.
Samples with tAu¼ 3.6 nm display a large nearly constant re-
flectance which decreases from 0.95 for the as prepared state
down to 0.73 after annealing. The reflectance for ZnO
[Au(7.8)/ZnO]5, not presented here, is also close to 1 in agree-
ment with the fact that this sample has been seen as continu-
ous by GISAXS. A similar high reflectance is measured for
ZnO[Au(4.6)/ZnO]10. The reflectance for pure ZnO is much
lower with one contribution around 400 cm1. The reflec-
tance decrease above x¼ 200 cm1 is due to the rough rear
side of the Si substrate. This effect, absent for as-prepared
and annealed ZnO[Au(3.6)/ZnO]20, indicates that the incident
IR beam cannot penetrate through the whole stack. The
ZnO[Au(1.8)/ZnO]75 sample displays a larger reflectance than
pure ZnO with supplementary features in the frequency
range from 200 to 2000 cm1. After annealing, the spectrum
TABLE III. Interpretation of the XRD peaks.
ZnO[Au(7.8)/ZnO]5 2hm () 33.50 34.71 36.23 37.40 38.22 40.20 41.54
m 6 4 2 1 0 þ2 þ4
KXRD (nm) 11.79 10.59 9.36 11.37 — 9.46 11.31
ZnO[Au(4.6)/ZnO]10 2hm () 33.10 34.84 37.10 38.23 41.18 43.60
m 4 3 1 0 þ3 þ4
KXRD (nm) 7.23 8.22 8.25 — 9.54 7.02
ZnO[Au(3.6)/ZnO]20 2hm () 34.17 37.0 38.42 42.0
m 3 1 0 2
KXRD (nm) 6.55 6.57 — 5.25
ZnO[Au(2.4)/ZnO]40 2hm () 33.23 38.10
m 3 0
KXRD (nm) 5.71 —
ZnO[Au(1.8)/ZnO]75 2hm () 33.80 35.09 38.11
m — — 0
KXRD (nm) — — —
Peak attribution W-ZnO (002) W-ZnO (101)/RS-ZnO (111) Au (111)
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is strongly modified with a nearly uniform intensity decrease
when the frequency is increased. The contribution around
400 cm1 is present as in pure ZnO.
The curves have been fitted in the range 200–4000 cm1
(Fig. 6). The model used for calculating the reflectance takes
into account the 50%s–50%p polarization of the incident IR
beam, the dielectric functions of the film, (x), and of the Si
substrate. The latter is written as aþ ib, where a is fixed to
12.22 The b value is adjusted to take into account the rough
rear side of the substrate in order to fit the ZnO reflectance.
The dielectric function for pure ZnO and for as-prepared
ZnO[Au(1.8)/ZnO]75, is written as the sum of a constant con-
tribution due to bound electrons, e1, and Gaussian compo-
nents which take into account the absorption of distributions
of vibrational modes occurring in disordered materials.16,23
Each absorption band j is characterized by three parameters,
Aj, xj, and rj, which represent respectively the amplitude,
the peak position and the full width at half maximum. The
fitting procedure also needs to introduce the film thickness,
d, and substrate thickness. The substrate thickness is kept at
its value of 280 mm whereas d is a free parameter. Frequency
of each vibration mode, xj, and its intensity calculated as
(Aj)(rj)(p/4ln2) extracted from the fitting procedure are gath-
ered in Table IV.
For pure ZnO, one layer 110 nm thick over Si is consid-
ered. A TO phonon-mode is seen at 395 cm1 with the corre-
sponding LO mode in agreement with values from the
literature.18,24 This value lies between the A1 (TO) mode at
380 cm1 and E1 (TO) mode at 407 cm1 detected by
Raman measurements.25 The contribution at 488 cm1 corre-
sponds to an exciton at 60.5 meV in agreement with the liter-
ature.7 The e1 value of 1.1 is much smaller than those of
3.5–3.8 (Ref. 24) and 2.6 (Ref. 26). Ghosh et al.27 measured
the dielectric functions for Zn(1x)NixO systems with
x¼ 0.02, 0.04, and 0.06, leading to an e1 value of 2.2 for
x¼ 0.
For as-prepared ZnO[Au(1.8)/ZnO]75, several contribu-
tions have to be introduced in the dielectric function. A
rather good simulation is obtained with a high e1 value and
a thickness smaller than the expected one by a factor of
about 2. The dielectric function of the substrate is constant
and equal to 21. These two last data are in line with the TEM
observation where the sample appears as made of a multilay-
ered system with continuous Au layers close to the substrate
and with noncontinuous Au layers close to the air. Among
the vibrational frequencies, a fundamental one at x2i¼ 416
cm1 is detected corresponding to i¼ 1 and its overtones at
822, 1227, and 1652 cm1, corresponding to i¼ 2, i¼ 3,
and i¼ 4, respectively. Other modes at 335, 747, 1010, and
1354 cm1 have to be introduced in the fitting procedure. A
contribution at 3580 cm1, not given in Table IV, but visible
in the reflectance indicates presence of OH contaminations.
The e1 value of 18 is consistent with the presence of Au in
ZnO. Such an increase has already been seen for Au in
cermets.6
Overtones in ZnO have been calculated and their pres-
ence confirmed mainly by Raman spectroscopy.25,28,29 The
contribution at 416 cm1 is close to the E1 (TO) mode,
actually slightly larger, which corresponds to atoms moving
perpendicular to the c axis of the wurtzite structure (Ref. 7
and references therein). Table IV shows that the intensities
for these overtones are close to the one for the fundamental
FIG. 5. (Color online) (a) X-ray diffractograms for as prepared samples and
a ZnO film; note the different vertical scales: log. scale for ZnO[Au(t)/ZnO]n
on the left vertical axis, linear scale for ZnO on the right vertical axis; (b) X-
ray diffractogram fit for ZnO[Au(7.8)/ZnO]5; (c) Integrated intensity of the
Au(111) Bragg peak versus the total Au thickness; and (d) X-ray diffracto-
gram for annealed ZnO[Au(1.8)/ZnO]75.
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mode at 416 cm1. A very similar evolution versus the ordi-
nal number are reported in Raman measurements on ZnO
particles with diameters of 4–5 nm close to the ZnO layer
thickness in our multilayers.29
The frequency detected at 335 cm1 is much lower than
the A1 (TO) mode reported at 380 cm1. Note that a fre-
quency of 332 cm1 was detected by Raman spectroscopy
corresponding to the difference between the E2-low and E2-
high modes,28 yet these modes are not IR active. This fre-
quency is either related to Au-O vibrations or to distorted
ZnO layers in contact with Au ones. In the literature, vibra-
tional frequencies are calculated at 580 cm1 and 563 cm1
for Au2O3 and Au2O, respectively,
30 which allows us to
reject this attribution. Serrano et al.31 calculated the phonon
modes for the different structural states of ZnO including
rock salt (RS) and zinc blende (ZB). A TO mode is found for
RS-ZnO at 353 cm1, closer to our experimental value.
Moreover, Bundesman et al.32 applied IR spectroscopic
ellipsometry to MgxZn1xO films displaying a RS structure
for x> 0.67.
Extrapolation of the measured TO mode frequency to
x¼ 0 leads to a value of 300 cm1. It is thus tempting to at-
tribute this mode detected here at 335 cm1 to RS-ZnO. The
contributions at 747, 1010, and 1354 cm1 could be seen as
the multi-phonon combinations of (416þ ix335) cm 1 with
i¼ 1, 2, and 3, respectively. One notes that the intensity of
the mode at 335 cm1 is 10 times higher than the one at 416
cm1 (Table IV). According to this discussion, we suggest
an interpretation in line with the TEM cross section picture
of this sample. The multilayer is divided in two parts, an
upper thick part close to the surface where Au NPs are em-
bedded in ZnO, a thinner part below where the ZnO planes
are in contact with Au ones. In the upper part, ZnO is
strongly deformed and adopt a rock salt lattice giving rise to
a vibrational main frequency at 335 cm1. In the lower part,
which contains continuous Au and ZnO layers, ZnO is in the
wurtzite in-plane compressed state.
For ann-.ZnO[Au(1.8)/ZnO]75, the high reflectance value
is an indication of the metallic character of the sample which
nevertheless, has kept a ZnO vibrational contribution around
400 cm1. The dielectric function is thus written as the sum
of e1 and Gaussian components plus a Drude component,
D, written as
eD ¼ x2p= x2 þ ixc
 
;
where xp is a plasma frequency related to the number of free
electrons and c is a scattering time.23 The vibrational fre-
quency and the e1 value remain close to the one of
ZnO[Au(1.8)/ZnO]75, i.e., 400 cm
1 and 18, respectively. The
plasmon energy of 11 eV is larger than the one of pure Au, 9
eV.33,34 Note that the thickness is much smaller than for
ZnO[Au(1.8)/ZnO]75. Yet a faint vibrational contribution
around 1100 cm1 can be attributed to Si-O bonds, i.e., Si
oxidation resulting from the thermal treatment. This looks
contradictory with the smaller thickness evaluation discussed
above. To overcome this contradiction, one must think of a
rather inhomogeneous sample at a macroscopic scale with a
discontinuous Au layer offering the possibility that part of
the IR incident beam reaches the substrate-sample interface
where the oxidized Si layer has formed.
For the as-prepared and annealed ZnO[Au(3.6)/ZnO]20,
the high reflectance values, nearly constant versus x, are
consistent with a metallic character. The dielectric function
is thus written as e1þ D. Fitted spectra are presented in Fig.
6 and extracted d, xp, and c are gathered in Table IV. Note
that it is possible to obtain reasonable fits with xp values of
pure Au, 9 eV, in line with the existence of a thick Au
TABLE IV. Parameters for the dielectric functions.a
ZnO e1 x1 (cm
1) x2 (cm
1) d (nm)
1.1 395 488 110
ZnO[Au(1.8)/ZnO]75 e1 x1 (cm
1) intensity x2i (cm
1) intensity
18 335 12320 i¼ 1 416 1140 240
747¼ 335þ 416 i¼ 2 822 990
1010¼ 2*335þ 416 i¼ 3 1247 1500
1354¼ 3*335þ 416 i¼ 4 1652 970
ann.-ZnO[Au(1.8)/ZnO]75 e1 x1 (cm
1) xp (cm
1) xp (eV) c (cm
1)
18 400 89000 11 882 100
ZnO[Au(3.6)/ZnO]20 e1 xp (cm
1) xp (eV) c (cm
1)
ann.-ZnO[Au(3.6)/ZnO]20 0 73000 9 1600 35
0 73000 9 8500 24
ae1, xj and intensity of the vibration modes for the overtones; plasmon energy, xp, and scattering time, c, for the electronic contributions together with the
sample thickness, d.
FIG. 6. (Color online) Experimental and fitted IR spectra for pure ZnO and
for as prepared and annealed ZnO[Au(3.6)/ZnO]20 and ZnO[Au(1.8)/ZnO]75.
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layer.33,34 The thicknesses are much smaller than the total
ones and are close to 4–5 times the sum of tAuþ tZnO, the
thickness of ZnO[Au(3.6)/ZnO]20 being necessarily larger
than the one of ann.ZnO[Au(3.6)/ZnO]20. The c term is
larger for ann.ZnO[Au(3.6)/ZnO]20 than for ZnO[Au(3.6)/
ZnO]20. The vibrational contribution around 1100 cm
1
attributed to Si-O bonds is visible in ann.ZnO[Au(3.6)/
ZnO]20 and not detected in ZnO[Au(3.6)/ZnO]20. A similar
interpretation as given for ann.-ZnO[Au(1.8)/ZnO]75, is sug-
gested, the Au layer being discontinuous which could
explain the larger c term.
D. Visible spectroscopy: Au and ZnO electronic
characterization
The optical responses in the visible wavelength (k)
range for ZnO[Au(3.2)/ZnO]20, ZnO[Au(1.8)/ZnO]75, and the
same samples after annealing are compared to those of the
ZnO film and transparent amorphous quartz substrate in Fig.
7(a). The signal of the substrate is negligible as compared to
the one of the other samples.
The ZnO film displays an edge close to 380 nm and a
faint contribution between 500 and 600 nm. The faint signal
could be correlated to oxygen vacancies35 although effect of
interferences due to sample thickness (110 nm) is not
excluded in this range. To deduce the optical bandgap, the
Tauc relationship is often used
ahv¼A hv Egð Þn;
where a is the absorption coefficient, A is a constant, h
Planck’s constant, v the photon frequency, Eg the optical
bandgap, and n is 1=2 for direct bandgap semiconductors.
We determined a bandgap energy of the ZnO film of
3.25 eV (Fig. 7b) close to 3.236 eV for ZnO particles36 and
not far from the bulk one of 3.4 eV (Ref. 7 and references
therein).
When stacked with Au layers, in the as-prepared sam-
ples, the optical response is modified. The absorbance is
higher due to the Au presence. For ZnO[Au(1.8)/ZnO]75, the
ZnO absorption edge with a steplike feature is no longer
detected, as seen in the inset of Fig. 7(a). IR spectroscopy
indicates a RS-ZnO atomic arrangement on top of this sam-
ple. RS-ZnO is an indirect semiconductor with a bandgap in
the 2.45-2.8 eV range19,20 with an absorption edge display-
ing a (1/k)2 dependence.19,20 The absorption versus k
observed in the range 250–400 nm for ZnO[Au(1.8)/ZnO]75 is
close to a (1/k)2 dependence.
The behavior of as-deposited ZnO[Au(3.6)/ZnO]20 is
close to its annealed state discussed below. The absorption
for the annealed samples can be shared in three wavelength
ranges. Between 200 and 400 nm, the ZnO edge is visible
again, corresponding to an optical bandgap of 3.07 eV (Fig.
7(b)) for ann.-ZnO[Au(1.8)/ZnO]75 and too faint to get a reli-
able value for ann.- ZnO[Au(3.6)/ZnO]20. Above 500 nm,
ann.-ZnO[Au(1.8)/ZnO]75 exhibits a well defined surface
plasmon resonance at 555 nm, as measured for Au in ZnO
prepared by spin coating metal-ion doped solutions of zinc
acetylacetonate heated to 400 C (Ref. 37). A very small
plasmon at 550 nm is seen for ann.-ZnO[Au(3.6)/ZnO]20 fol-
lowed by a signal which can be due to the contribution of
percolated Au NPs. Between 400 and 500 nm, a tail is pres-
ent in both samples. In thin ZnO films, such a tail, called
Urbach tail, has been attributed to structural disorder.38 XRD
shows a W-ZnO(002) contribution at 34.69 for both
annealed samples, less stressed than the as prepared film.
This zone also corresponds to interband transitions in bulk
Au.33 An interpretation of this zone is more likely related to
interband transitions in large Au NPs.
IV. DISCUSSION
Considering the ZnO growth on Si, the single-layer sam-
ple shows the (002) diffraction peak of W-ZnO,39 evidencing
a textured film with wurtzite crystallographic structure. Simi-
lar growth was found on other substrates, sapphire (11–20),
silica glass and lime glass.40 The displacement of the Bragg
peak toward lower angle was already observed in sputtered
ZnO films of similar thickness prepared under different con-
ditions, as well as in Zn0.95Mn0.05O films.
41 These studies
indicate the presence of tensile stresses in the direction per-
pendicular to the substrate in the as-grown films, both ZnO
FIG. 7. (Color online) (a) Optical responses for ZnO[Au(3.6)/ZnO]20 and
ZnO[Au(1.8)/ZnO]75 as prepared and after annealing, for pure ZnO and fused
silica. Inset: absorption for ZnO[Au(1.8)/ZnO]75 in the 250–500 nm range,
(b) Tauc plots for pure ZnO and ann.-ZnO[Au(1.8)/ZnO]75.
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and Zn0.95Mn0.05O. Annealing in oxygen atmosphere
improves crystallinity and leads to stress relaxation, shifting
the (002) peak position to 34.4, the stress-free powder
value. As-deposited ZnO films appear elastic enough to sup-
port large stresses. IR and UV-vis. spectroscopies also
detected the wurtzite phase with a vibrational contribution, a
direct bandgap and an exciton binding energy in agreement
with the literature. The e1 value is the only one smaller than
those encountered in the literature, which could be due to the
lower film density as compared to the bulk one.
For the as-deposited ZnO/Au multilayers, two main
results should be underlined: (1) the morphology of the Au
layers is either continuous or in form of NPs, (2) the ZnO
atomic arrangement is either wurtzite or rock salt. Before
addressing the electronic properties of the stacks, the discus-
sion is organized along these two points. For tAu¼ 7.8 nm,
the Au layers are continuous with a unique (111) orientation.
It is still true when tAu is decreased to 3.6 nm for n up to 20.
It is only for thinner Au layers that the number of bilayers
combined with the Au thickness plays a role on the Au layer
morphology. For tAu¼ 1.8 nm for example, provided
n 20–25, the layers are continuous whereas for larger n the
upper part of the multilayer is made of connected NPs, as a
result of roughness accumulation and columnar ZnO growth.
In Au/Si3N4 stacks with a Si3N4 thickness similar to the one
of ZnO, the transition from continuous Au to Au NPs is
observed provided tAu¼ 3 nm.6 Note also that for tAu¼ 1.6
nm, the diameter D of Au NPs is about 6.5 nm when embed-
ded in Si3N4 whereas for tAu¼ 1.8 nm, D is about 4 nm
when embedded in ZnO. The key is in the elastic properties
of the matrix and its possible structural modification: (1)
Si3N4 is not as elastic as ZnO, (2) it is amorphous in the as-
deposited state and crystallizes under Au deposition,6
whereas ZnO is already in a crystalline state. To enlighten
this point, we discuss the ZnO atomic arrangement.
Whatever tAu in the range studied here, for the as-grown
ZnO[Au(t)/ZnO]n multilayers, there is a strong lattice interac-
tion between Au and ZnO. Gold always grows with a (111)
orientation as seen by XRD. The ZnO lattice experiences a
deformation so that its crystallographic structure matches the
Au one. Two different situations have to be distinguished.
When Au continuous layers are formed, ZnO adopts a wurt-
zite stressed structure. When Au forms NPs, ZnO adopts a
rock salt structure. IR spectroscopy thanks to the phonon
contributions, either at 395 cm1 for W-ZnO or at 335 cm1
for RS-ZnO, brings here a useful insight. The question is the
driving force leading to this structural modification. Stacking
of ZnO with Ag, another fcc metal, shows no wurztite to
rock salt transition. Kato et al. found (111)-oriented Ag
layers, 10 nm thick, on wurtzite (001)-oriented ZnO layers,
37 nm thick, grown by magnetron sputtering.42 Sahu et al.43
using the same preparation technique found polycrystalline
ZnO and Ag for Ag thickness >4 nm and ZnO thickness of
20 nm. Yet the thickness of ZnO is larger in these samples
than in ours. RS-ZnO has been observed from W-ZnO under
pressure,20 by Zn and O co-implantation in MgO (Ref. 19) or
by deposition on MgO (Ref. 44). The lattice parameter of
RS-ZnO is about 0.42 nm (Ref. 7 and references therein).
The lattice mismatch with Au is then only about 3%. The
driving force for the structural transition could be the reduc-
tion of stress. The structural transition occurs (1) when part
of the ZnO lattice is located in between the Au NPs, thus it is
strongly related to the Au morphology change from continu-
ous to NPs, (2) provided the ZnO thickness is not too large.
Changing the deposition parameters during the multilayer
fabrication, gas pressure and sputtering power, could
increase the layer roughness, favoring Au NPs formation at
lower n values and consequently the RS-ZnO formation.
Varying the oxide layer thickness could also play a role
since, as seen in Ref. 42 and 43, thick W-ZnO are stable and
does not experience a lattice modification.
After annealing in oxygen, increase of crystalline grain
size and stress relaxation promote the loss of the lattice
matching. In agreement, the W-ZnO peak appears for ann.-
ZnO[Au(1.8)/ZnO]75, associated with the vibrational contri-
bution at 400 cm1, still with Au (111) preferential growth.
This result suggests that increasing substrate temperature
during deposition can influence the Au and ZnO lattice cou-
pling eventually preventing from RS-ZnO formation.
Electronic properties are detected via the IR and UV-
vis. spectra. For as-deposited ZnO[Au(3.6)/ZnO]20, the multi-
layer displays large IR reflectance and absorption in the UV-
vis. wavelength range in agreement with its high metallic
character due to the Au continuous layers. There is still a
faint semiconducting behavior, the gap being coherent with
W-ZnO. Annealing of this sample modifies neither its behav-
ior as seen by IR and UV-vis. spectroscopy, nor its structural
properties. For as-deposited ZnO[Au(1.8)/ZnO]75, IR spec-
troscopy detects a partially transparent stack whereas UV-
vis. spectroscopy detects another semiconducting behavior
with a totally modified gap. An interpretation is given in line
with the presence of Au NPs close to the top of the stack and
consequently a transition from W-ZnO to RS-ZnO. After
annealing, the bandgap of W-ZnO is detected together with
the plasmon resonance of Au NPs providing a mixed semi-
conducting-metallic system.
V. CONCLUSION
The atomic arrangement of ZnO and the Au morphology
has been studied in ZnO[Au(t)/ZnO]n multilayers prepared
by sequential sputtering at room temperature with 1.8
nm tAu 7 nm and 5 n 75, the ZnO thickness being
kept around 3 nm. In the deposition conditions used here,
there is a strong matching of the ZnO lattice to the Au one,
thanks to the elastic properties of this oxide. The main result
is that the ZnO layers experience a structural change from
W-ZnO to RS-ZnO when Au changes its morphology from
continuous to NPs. It could be a way to monitor the ZnO
atomic arrangement. The electronic properties studied via IR
and UV-vis. spectroscopies are interpreted in terms of W-
ZnO to RS-ZnO transition and Au morphology.
Because of lattice matching of ZnO on Au, XRD could
not detect the structure of ZnO. We underline the original
exploitation of IR spectroscopy which, thanks to the phonon
contributions, at 395 cm-1 for W-ZnO and at 335 cm1 for
RS-ZnO, brings here a useful insight on the atomic
arrangement.
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